With the fast-paced urbanization process, there will be a rapid development of China's construction industry. However, it could also drive for considerable energy consumption, resulting in immense pressure on the environment. Based on non-competitive (import) input-output tables, we employed the SRIO (Single Region Input-Output) model to analyze energy use embodied in China's construction industry from 1995 to 2009 and made projections for 2020. Our results show that about 4.84 billion tons of coal equivalent energy would be consumed by China's construction industry in 2020. It implies that urbanization not only promotes the flow of embodied energy, but also provides development opportunities for a green and energy-saving construction industry.
Introduction
With a large-scale infrastructure construction in urbanization process, China's energy demand grew so fast that it has become the largest energy consumer since 2009 [1] . As a high energy-consuming, high-pollution and inefficient industry, China's construction industry has made the energy shortage worse. According to Chang Y et al. [2] , in the last two decades the annual average increase in building energy consumption in China exceeded 10% and the construction industry consumed 793.74 million tons of coal equivalent energy in 2007, which was equal to 29.6% of China's total national energy consumption [3] . Furthermore, considering the large processing stages, it is critical to take account of the inevitable energy pulling effect caused by the booming construction industry from the perspective of full life-cycle activity. In recent years, China's construction industry gradually went up with the world with the deepening of economic globalization. Therefore, more extensive attention should be paid to evaluating the impact of energy pulling effect and improving the green efficiency of construction industry.
Generally, the energy pulling effect of construction industry could be assessed by its embodied energy characteristic. It indicates that the direct energy use related to construction processes of added value or final production is small, whereas the indirect energy use engaged in its upstream productions like steel and cement is relatively large. Therefore, it is more helpful to use an input-output analysis to depict the embodied energy flow from high energy-consuming upstream sector to construction sector [4] . As China's construction industry gradually goes up in the world while deepening economic globalization and international trade, studies of embodied energy characteristic should not only analyze the domestic relations between its upstream and downstream sectors, but also evaluate its exports and imports at home and abroad from the international perspective.
In recent years, several studies have paid attention to investigate domestic embodied energy of China's construction industry while studies for that of imports and exports are still rare. Hong J et al. [3] employed a multi-regional input-output model to analyze embodied energy flow and technical differences on interregional trade of China's construction industry. The result shows that regions with high energy intensity are concentrated in the central part, whereas the less energy-intensive regions are located on the southern and eastern coasts. Guan J et al. [5] developed an input-output (I-O)-based hybrid life-cycle assessment (LCA) model in quantification of building embodied energy in China and compared the results with different LCA models. Fridley D G [6] used assumptions to develop two operational energy forecasts for 2020, estimating energy consumption and emissions of China's commercial and office buildings. Different from them, our study is to evaluate the embodied energy use of China's construction industry from 1995 to 2009 under the opening condition, and make forecasts for 2020. In addition, policy suggestions are made for developing green efficiency and energy-saving construction industry.
Our study differs from previous researches in the following three aspects: First, we employ the (Single Region Input-Output) SRIO model to explore embodied energy in imports and exports of construction industry under the opening condition from the perspective of international value chain. Second, our study improves the model of Lin and Sun [7] by decomposing final demand into seven parts so as to more comprehensively examine the embodied energy flow from upstream to downstream, at home and abroad. Third, we use China's input-output tables and environmental accounts from WIOD (World Input-Output Database). These data can provide a more solid foundation for projections because of their superior continuity, compared to traditional input-output tables which are updated every five years.
The organization of the paper is as follows: The methodology and data are presented in Section 2. Section 3 pays attention to discussions of results and makes projections. The conclusions and recommendations are in Section 4.
Methodology and Data

Input-Output Analysis
This study is based on input-output analysis to estimate energy consumption in full life-cycle activities of construction industry. Input-output method is widely used to analyze energy consumption in recent years [8] [9] [10] [11] .
Assuming that there are n industries in an economy, the relationship of total output and intermediate input and final demand can be represented as
where x is the total output of the entire economy, the value of which equals to that of total input. Although the ranges and patterns of calculation for total output and total input are somewhat different, the values of result are the same. There are two parts of total output. Ax represents the intermediate input and y is the final demand. A is a direct requirement coefficient matrix. Its element is A ij = x ij /x j , representing the proportion of intermediate input from industry i in per unit output from industry j. The final demand y includes household consumption, government consumption, gross fixed capital formation, changes in inventories and valuables and net export. This definition will be kept in the remainder of this paper.
The relationship between y and x can be further represented as
(I − A) −1 is called the Leontief inverse matrix. It links input with output creatively and is the core part of input-output analysis. Its element α ij represents the amount of output from industry i required directly and indirectly to produce per unit final demand from industry j.
Direct and Indirect Energy Use
Direct energy use is represented by E d , which is a row vector. E d is domestic energy consumption generated by all sectors.
e d is also a row vector, every element of which stands for direct energy used to produce per unit good (e d = E d /x, where x is the value of total output, not in practical form.) in its sector. Using the Leontief inverse matrix, E d can be formulated as
where F d is embodied energy coefficient and it is a row sector. Its element F d j represents energy consumed directly and indirectly in per unit final demand in industry j.
Decomposition of Embodied Energy Consumption
Based on the model of Lin and Sun [7] , this study divides embodied energy of final demand into seven parts. The embodied energy consumption of final demand can be represented as Y e and it concludes domestic part (D e ) and net export part (NX e ). Embodied energy of net export is the difference between that of export part (EX e ) and import part (I M e ). Therefore, embodied energy consumption of final demand can be
Furthermore, we can divide it more precisely into seven parts according to the scale of each part.
D1 stands for embodied energy of products manufactured and consumed domestically and D2 is that of import products used by final consumers domestically.
Similarly, the embodied energy of export can be represented as
where EX1 represents energy embodied in export products manufactured domestically whereas EX2 is energy embodied in import products but not for domestic consumption. Furthermore, embodied energy use of imports is composed of three parts: I M1 represents energy embodied in imports which are consumed directly; I M2 is energy embodied in import intermediates which are manufactured and consumed domestically and I M3 represents embodied energy of re-exported products.
I M e = I M1 + I M2 + I M3
It is necessary to note that although the total amount of D2 is the same as that of I M1 + I M2, the forms of them are different. I M1 and I M2 are considered as domestic input, but they are then transformed into the output product after domestic processing. Therefore, energy embodied in output (D2) has been relocated by different sectors. Similarly, EX2 = I M3 in which I M3 is regarded as input and EX2 is output. In this way can we explore more clearly the movement of embodied energy from inputs to outputs.
Divided into seven parts, embodied energy consumption of final demand can be represented as
Estimating Embodied Energy Use
This paper adopts non-competitive input-output tables from WIOD. This database contains annual time-series of world input-output tables, covering the period from 1995 onwards and it is popular in recent studies. Different from traditional input-output tables, the data made a distinction of imports used for processing and for direct consumption. Therefore we do not need to make assumptions like some studies [7, 12, 13] that the proportion of the imported intermediate input from sector i to all other sectors is the same. Instead, we can immediately find imports of each sector and calculate the direct requirement coefficient matrix of imports (A m ) so that it can improve the accuracy of final results.
The total imports x m includes two parts:
where A m x is the imported intermediate input, y m is the imported directed domestic final consumption, A m (I − A) −1 y represents the final product form A m x after domestic processing. A m (I − A) −1 y can be divided into C d and C e , representing the intermediate inputs consumed domestically and be reexported after domestic processing respectively. This study adopts the EAI (Emissions Avoided by Imports) assumption as mostly other SIRO models [13, 14] which represents that the emission factors of the exporting countries are the same as the domestic F d . The embodied energy in x m is represented as
According to the earlier discussion, we can deduce that F d y m , F d C d and F d C e are accounting formulas correspond to I M1, I M2 and I M3. The input form and output form of F d y m are the same because these products, which have been consumed directly, did not transform from importing to consuming.
Embodied energy of imported immediate inputs transforms by domestic processing can be shown as:
where F m is a row vector. Its element represents the embodied energy in per unit final product.
Formula (12) deduces from output form F m Z to input form F d C e . F m z is the accounting formula for EX2 and it is the output form corresponding to I M3.
Similarly, the input form
It is necessary to note that the scope of EX1 in our study is consistent of the II part in Lin and Sun's model [7] . While in that paper, the scope of EX1 is wrong because embodied energy of re-exported products should not be included in EX1. As a result, the value is exaggerated and the accuracy is somewhat influenced.
The accounting formula of energy embodied in final demand, Y e , is F d y. In addition, according to Formulas (4), (5) and (13), we can get:
The explanations for seven parts are shown in Table 1 . 
D1
embodied energy in products which are produced and consumed domestically
embodied energy in products which are imported and consumed domestically F m y − F m z + F d y m EX1 embodied energy in exported products which are manufactured domestically F d z − F m z EX2 embodied energy in imported products which are not for domestic consumption F m z I M1 embodied energy in imported products which are for direct consumption F d y m I M2 embodied energy in imported products which are consumed after domestic processing F d C d I M3 embodied energy in imported products which are processed for re-exporting F d C e
Data Source and Processing
This paper adopts the China's IO tables from WIOD and adjusts all data to the price level of 1995. The tables are non-competitive IO tables, the data of which cover 35 sectors from 1995 to 2014. It is important to note that the energy use data of WIOD is exaggerated because of recalculation. Thus, we replaced the data of total energy use by that of IEA (International Energy Agency) but followed the original proportions from WIOD. Consequently, the adjusted data is more practical by combining strengths of WIOD and IEA. Since the latest available data of energy consumption is in 2009, we had to choose 1995-2009 as our study period.
Results
Direct and Embodied Energy Consumption of Construction Industry
The size of construction industry has been continuously expanding from 1995 to 2009 by 5 times from 153.57 billion dollars to 926.82 billion dollars. The final demand of it is the largest among all sectors during study period, the growth of which reached to 551%. In addition, the size of imports and exports expanded rapidly in general. This evidence shows that the expansion of construction industry has made great contributions to national economic growth. Figure 1 shows the trend of direct energy consumption coefficient e d which drops about 40% from 0.077 to 0.046. Its general downward trend indicates the energy efficiency was gradually developing in construction industry and immediate input sectors. Conversely, embodied energy consumption coefficient F d in Figure 2 has a smaller change, about 38.68%, from 2.124 to 1.302. It is due to higher specialization degree which increases demand for intermediate inputs and lengthens production chains so as to accumulate more energy use. This phenomenon is the embodiment of industrial promotion and technical progress of China at this stage [7] . . The results show that direct and embodied energy consumption both have been increasing rapidly in study period. In further calculation, we find that embodied energy consumption is about 25 times of direct energy consumption and it was always the largest consumption of all 35 sectors. It proves that the construction industry is a typical demand-driven sector [3] . There is a large amount of energy embodied in construction sector as the life-cycle of its products involve many processing stages and the accumulation of embodied energy is considerable. This result provides evidence supporting [2, 3] . (Figure 4) . The results show that direct and embodied energy consumption both have been increasing rapidly in study period. In further calculation, we find that embodied energy consumption is about 25 times of direct energy consumption and it was always the largest consumption of all 35 sectors. It proves that the construction industry is a typical demand-driven sector [3] . There is a large amount of energy embodied in construction sector as the life-cycle of its products involve many processing stages and the accumulation of embodied energy is considerable. This result provides evidence supporting [2, 3] . 
Decomposition Analysis of Embodied Energy Consumption
According to methods above, this study divides embodied energy of final demand into seven parts.
The domestic consumption-based energy embodied in products which were produced and 
The domestic consumption-based energy embodied in products which were produced and consumed domestically (D1) and in imported products (D2) both have a sharp increase in study period. The growth range of D1 is 275.10% and that of D2 is 307.27%. Because of enormous demand of construction industry, D1 and D2 is the largest of all sectors. It is worth to note that, as is shown in Figure 5 the size of D2 had a rapid expansion after China's entry into WTO (World Trade Organization). It increased by 776.03 million tons of coal equivalent from 2001 to 2009, which accounts for 90.92% of total increase in study period. 2 EX increased by 3.17 times after China's entry into WTO. However, as more and more products were exported, we offered more and more "energy service" to foreign countries which led to their reduction of energy consumption. Figure 6 shows embodied energy of exports. It can be clearly seen that energy embodied in both export products manufactured domestically (EX1) and import products but not for domestic consumption (EX2) had a considerable expansion after China's entry into WTO. The value of EX1 increased by 3.25 times and EX2 increased by 3.17 times after China's entry into WTO. However, as more and more products were exported, we offered more and more "energy service" to foreign countries which led to their reduction of energy consumption. 
2
EX increased by 3.17 times after China's entry into WTO. However, as more and more products were exported, we offered more and more "energy service" to foreign countries which led to their reduction of energy consumption. According to preceding text, embodied energy use of imported part includes three kinds of products which are consumed directly at home (I M1), processed and consumed at home (I M2) and processed for re-exporting (I M3). Our findings show that the value of I M1 had a slight variation around 1.2 million tons of coal equivalent. I M3 first showed increase then decrease after China's entry into WTO. Different from I M3, I M2 was increased by a large amount after the entry into WTO. As Figure 
Differences between Embodied Energy of Inputs and Outputs
According to earlier discussion, we have divided products into input form and output form to trace energy consumption footprint of the life-cycle. The imported intermediates are input form while they are transformed into output form after domestic processing. Therefore, the corresponding total energy use of two forms are the same, but embodied energy has been shifted among different sectors. result shows that as construction industry is closely connected to many other sectors when processing, the development of construction industry drives growth of many industries whereas it also causes larger size of energy use in other sectors, which is against energy saving and emission reduction. Besides, we find that the ratio of 2 D and 2 1 IM IM + increased from 22.71 to 74.91. It indicates the specialization degree is deepening and processes are increasing with improvement of construction industry and it causes larger amount of intermediates from other sectors [7] . Similarly, the value of total energy use of 3 IM is the same as that of 2 EX . They represent energy embodied in re-exported products in input form and output form, respectively. Because there is accumulation of energy when processing, the value of 2 EX is much larger than 3 IM in construction industry. But we can see from Table 3 that embodied energy of both input form and output form are rather small. It shows a typical characteristic of construction industry that reexported products are relatively few, and only take account of less than 0.05% in total embodied energy of construction industry, which is 1411.76 million tons of coal equivalent in 2009. The value of ratio appears to have a downward trend in general. It proves the processing technology of such 
According to earlier discussion, we have divided products into input form and output form to trace energy consumption footprint of the life-cycle. The imported intermediates are input form while they are transformed into output form after domestic processing. Therefore, the corresponding total energy use of two forms are the same, but embodied energy has been shifted among different sectors.
Total embodied energy of the imported products used by final consumers domestically (D2) includes two kinds of imported products. One is imported for direct consumption (I M1), the other is consumed after domestic processing (I M2). However, the equation holds generally for total energy use. So it may not be appropriate for individual sector. As shown in Table 2 , the size of D2 is much larger than I M1 + I M2 in study period, which explains most of energy consumption processes are carried out at home. The value of D2/(I M1 + I M2) increased from 22.71 to 74.91. The result shows that as construction industry is closely connected to many other sectors when processing, the development of construction industry drives growth of many industries whereas it also causes larger size of energy use in other sectors, which is against energy saving and emission reduction. Besides, we find that the ratio of D2 and I M1 + I M2 increased from 22.71 to 74.91. It indicates the specialization degree is deepening and processes are increasing with improvement of construction industry and it causes larger amount of intermediates from other sectors [7] . Similarly, the value of total energy use of I M3 is the same as that of EX2. They represent energy embodied in re-exported products in input form and output form, respectively. Because there is accumulation of energy when processing, the value of EX2 is much larger than I M3 in construction industry. But we can see from Table 3 that embodied energy of both input form and output form are rather small. It shows a typical characteristic of construction industry that re-exported products are relatively few, and only take account of less than 0.05% in total embodied energy of construction industry, which is 1411.76 million tons of coal equivalent in 2009. The value of ratio appears to have a downward trend in general. It proves the processing technology of such products has been improving in energy saving. 
Projections
Due to the deepening urbanization, there is still an increasing energy demand of China's construction industry. Combining with the BAU (business-as-susal) analysis method of Huang B et al. [15] and Grey Forecasting Model GM(1,1) [16] , this study estimated values of energy use in 2020. BAU scenario assumes energy consumed in per unit maintains the latest level of study period [17] [18] [19] and GM(1,1) model uses average growth speed to predict the value of total outputs [20] [21] [22] . The results are shown in Table 4 . The result shows that maintaining the pace of growth, total output and final demand of China's construction industry in 2020 will be 3800 billion and 3200 billion dollars respectively. The value of total imports will reach 5.217 billion dollars and total outputs will be 12.197 billion dollars. Under the BAU analysis, China's construction industry in 2020 will consume 170 million tons of coal equivalent directly and 4.84 billion tons of coal equivalent of embodied energy. In addition, embodied energy of total imports, I M1 + I M2 + I M3, will be 6.79 million tons of coal equivalent and that of total outputs, EX1 + EX2, will reach 15.89 million.
Conclusions and Recommendations
Based on non-competitive (import) input-output tables, our study employed the SRIO (Single Region Input-Output) model to evaluate embodied energy use of China's construction industry from 1995 to 2009, divided final demand into seven parts for numerical computation, and used the BAU analysis method and Grey Forecasting Model GM(1,1) to make forecasts for 2020.
The main conclusions are shown as follows:
(1) The size of construction industry has been continuously expanding from 1995 to 2009 by five times.
The construction industry is a typical demand-driven sector, embodied energy consumption of which is about 25 times compared with direct energy consumption. Direct and embodied energy use both were increasing rapidly in study period while direct energy consumption coefficient and embodied energy consumption coefficient appeared to have a downward trend, dropping by 40% and 38.68% respectively. The above results show that the development of construction industry has a significant driving effect on other sectors. Meanwhile, it brings about a growing demand for energy consumption, resulting in immense pressure on the environment. (2) Construction industry is always a "self-sufficiency" industry because its products are difficult for decomposing and moving. The domestic part accounts for most part of embodied energy, while the proportion of imports and exports is relatively small. We find that the value of energy embodied in both imported intermediates and final products has remarkably increased after China's entry into WTO in 2001. Increasing imported intermediates and final goods of construction industry is helpful to reduce energy consumption from other sectors in China, which has a positive effect on achieving the energy conservation and emission reduction goal. However, exported products which are produced domestically take account most part of total exports. It implies that China's construction industry is gradually involved into the global system of division and offers more and more "energy service" to foreign countries with deepening openness. (3) According to BAU analysis method and Grey Forecasting Model GM(1,1), with the deepening urbanization, total output and final demand of China's construction industry in 2020 will be 3800 billion and 3200 billion dollars respectively, driving for 170 million tons of coal equivalent direct energy consumption and 4.84 billion tons of coal equivalent of embodied energy. In addition, the value of total imports of construction industry will reach 5.217 billion dollars and total outputs will be 12.197 billion dollars, driving for 6.79 million tons of coal equivalent and 15.89 million embodied primary energy respectively. These results suggest that construction industry, as an important industry of national economy, has significant energy pulling effect for other sectors upstream and downstream. Therefore, it is necessary to balance the rapid growth of construction industry and energy consumption.
Policy implications of this study can be summarized as follows:
(1) Although the improvement of energy-saving technology plays a role in relieving stress of energy use, it is not enough for such a huge energy consumption industry. However, it is very difficult to independently improve energy efficiency by technology innovation as a developing country. Therefore Shui B and Harriss R C [23] suggested the export of developed countries like US technologies and expertise related to clean production and energy efficiency to China would decrease the current trade imbalance, reduce pollution loading and related negative environment impacts in China and improve energy efficiency of the world. (2) To avoid sacrificing domestic energy resources and being manufacturing factories of developed countries, Chinese government should coordinate imports and exports of construction industry and define responsibility of consumers. But China should not do it blindly because exports remain an important driver of China's economic growth and play a significant role in expanding political and economic influence now and in the future [24] . (3) Since 2014, China has been actively improving the interconnection with countries of "the Belt and Road ("The Belt and Road" refers to the Silk Road Economic Belt and 21st Century Maritime Silk Road, a significant development strategy launched by the Chinese government with the intention of promoting economic co-operation among countries along the proposed Belt and Road routes. The Initiative was designed to enhance the orderly free-flow of economic factors and the efficient allocation of resources. It is also intended to further market integration and create a regional economic co-operation framework of benefit to all.)". Construction industry, as the material foundation for cooperation, became the most prior investment area of "the Belt and Road". The government should especially seize the opportunity of "the Belt and Road" by enhancing cooperation and communication with countries along the road and promoting vigorous "going out" of construction products to drive growth of national economy. On the other hand, it is essential to improve energy saving and emission reducing technologies in construction materials, processes etc. It plays a necessary role in relieving environmental pressure and improving the whole energy efficiency of countries along the road.
Data limitations are always a challenge in empirical studies. For example, the data of IO tables cover from 1995 to 2014, however, the latest available data of energy consumption is in 2009. Therefore, the newest data are needed in future research.
Further study is still being performed. First, the embodied energy use of construction industry in different countries should be considered for comparison. Second, local pollution caused by pollutants like CO 2 , SO 2 should also be considered in further study other than energy use.
